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Introduction 


The  study  of  cancer  has  been  documented  to  have  originated  at  least  3600  years  ago,  yet  today 
there  is  still  no  way  to  put  this  group  of  diseases  completely  under  control.  The  high  incidence  of  breast 
cancers  among  women  in  Western  societies  has  prompted  intensive  research  on  this  disease.  Important 
breakthroughs  came  with  the  identification  of  the  breast  cancer  susceptibility  genes  BRCA1  and  BRCA2, 
which  confer  susceptibility  to  early-onset  familial  breast  and  ovarian  cancers  (1-4).  Inherited  mutations  in 
BRCA1  and  BRCA2  are  believed  to  be  responsible  for  most  hereditary  breast  cancers  (3-10),  which 
account  for  5-10%  of  all  breast  cancer  cases  (11).  About  52%  of  the  families  with  four  or  more  breast 
cancer  cases  have  inherited  mutations  in  BRCA1,  and  32%  possess  BRCA2  mutations  (12).  In  contrast, 
somatic  mutations  in  either  of  these  two  genes  are  very  rare  in  sporadic  breast  cancers  (5,  13-15),  which 
account  for  the  remaining  90-95%  of  all  breast  cancers  (1 1). 

Although  mutation  screening  of  BRCA1  and  BRCA2  give  researchers  the  ability  to  identify 
cancer  risk  in  some  individuals,  they  do  not  offer  satisfactory  intervention  or  treatment  for  these 
individuals.  The  mutation  studies  suggest  that  if  BRCA1  and  BRCA2  play  significant  roles  in 
tumorigenesis  in  non-hereditary  breast  cancers,  structural  mutations  of  the  genes  themselves  are  not 
involved.  Therefore,  to  elucidate  the  mechanisms  by  which  BRCA1  and  BRCA2  are  involved  in  cancer, 
functional  studies  on  BRCA1  and  BRCA2  are  of  paramount  importance. 

Both  BRCA1  and  BRCA2  genes  encode  large,  hydrophilic  proteins.  Both  genes  are  up-regulated 
in  proliferating  and  differentiating  cells,  expressed  in  a  cell  cycle-dependent  manner  peaking  at  the  Gl/S 
boundary  (ref.  19-21  and  my  unpublished  data),  widely  expressed  during  development  (22-24),  and 
essential  for  early  embryonic  development  (25-29).  Recent  evidence  indicates  that  BRCA1  is  involved  in 
transcriptional  regulation  (30,  31).  The  BRCA2  gene  is  composed  of  27  exons  and  encodes  a  predicted 
384-kDa  protein  possessing  no  obvious  homology  to  other  sequences  in  publicly  available  databases  (4). 
There  are  eight  repetitive  units  in  the  BRCA2  protein  sequence  (BRC  motifs,  ref.  16  and  17)  and  a 
potential  nuclear  localization  signal  within  its  C  terminus  (18).  BRCA2  also  possesses  a  putative 
transcriptional  activation  domain  in  exon  3,  suggesting  a  role  of  BRCA2  in  the  regulation  of  gene 
expression  (32).  Evidence  for  a  possible  function  of  BRCA2  in  DNA  repair  has  been  suggested  by  recent 
findings  that  BRCA2  mutant  mouse  embryos  are  defective  in  DNA  repair  (27,  33,  34).  Moreover,  yeast 
two-hybrid  and  glutathione  S-transferase  (GST)  pull-down  analysis  revealed  that  BRCA2  interacts  in 
vitro  with  RAD51,  a  protein  involved  in  DNA  double-strand  break  repair  and  homologous  recombination 
(ref.  27,  35,  36  and  my  unpublished  data).  Binding  sites  for  RAD51  have  been  mapped  to  each  of  the 
eight  BRC  motifs  in  human  BRCA2  (36)  and  to  a  C-terminal  region  of  mouse  BRCA2  (27, 35). 

Structural  and  functional  characterization  of  the  endogenous  BRCA2  protein  have  been  hampered 
by  the  large  size  of  the  protein  and  the  lack  of  suitable  immunological  reagents  for  its  detection.  To  this 
end  I  have  generated  and  characterized  five  polyclonal  and  three  monoclonal  antibodies  against  BRCA2. 
Two  of  the  polyclonal  antibodies  were  generated  against  peptides  at  the  N-terminus  (N-19)  and  C- 
terminus  (C-15)  of  BRCA2,  and  three  other  polyclonal  and  all  the  monoclonal  antibodies  were  generated 
against  GST-fixsion  proteins  corresponding  to  regions  close  to  the  N-terminus  (GSTB1),  middle 
(GSTB2)  and  C-terminus  (GSTB3)  of  BRCA2.  By  using  these  antibodies,  I  have  demonstrated  that  the 
BRCA2  gene  product  is  a  460-kDa  nuclear  phosphoprotein  that  associates  in  vivo  with  a  significant 
portion  of  the  endogenous  pool  of  RAD51.  Because  an  immediate  cellular  response  to  DNA  damage  is 
p53-mediated  cell  cycle  arrest  (37),  and  RAD51  has  been  reported  to  physically  associate  with  p53  (38, 
39),  I  also  investigated  whether  a  physical  and  functional  relationship  could  be  detected  between  BRCA2 
and  p53.  The  identification  of  molecules  interacting  with  BRCA2  provides  clues  as  to  how  BRCA2  is 
modified,  and  in  what  signal  transduction  pathways  BRCA2  may  be  involved. 
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Body  of  the  Report 


Experimental  Methods 

Generation  and  characterization  of  antibodies  against  BRCA2  Five  polyclonal  and  three 
monoclonal  antibodies  were  generated.  Two  of  the  polyclonal  antibodies  were  generated  against  peptides 
at  the  N-terminus  (N-19)  and  C-terminus  (C-15)  of  BRCA2,  and  three  other  polyclonal  and  all  the 
monoclonal  antibodies  were  generated  against  GST-fusion  proteins  corresponding  to  regions  close  to  the 
N-terminus  (GSTB1),  middle  (GSTB2)  and  C-terminus  (GSTB3)  of  BRCA2.  The  peptides  were 
conjugated  to  keyhole  limpet  hemacyanin.  Three  different  regions  of  BRCA2  were  amplified  by  reverse 
transcription  followed  by  polymerase  chain  reaction  (RT-PCR)  from  the  normal  breast  epithelial  cell  line 
AB5.  PCR  primers  were  synthesized  according  to  the  published  BRCA2  sequence.  Restriction  enzyme 
sites  were  incorporated  into  primers  by  appropriate  mutations.  For  region  1  (GSTB1),  upstream  primer  is 
5  ’  -GGT CAAGTT CTTT AGCT ACAGGAT CCACCC-3  ’  containing  a  BamHI  site;  downstream  primer  is 
5’-CTCCATCTGGGCTCCATGTCGACCTGAAAG-3’  containing  a  Sail  site.  For  region  2  (GSTB2), 
upstream  primer  is  5  ’-CCTGCAACTTGTTACAGAATTCAGTCCCC-3  ’  containing  a  EcoRI  site; 
downstream  primer  is  5  ’-AGGGTGAAGAGCTAGTCTCGAGTTCCTCAA-3  ’  containing  a  Xhol  site. 
For  region  3  (GSTB3),  upstream  primer  is  5’-GTCAGTGAATCCACTAGAATTCCTCCCACC-3’ 
containing  a  EcoRI  site;  downstream  primer  is  5’-TGGTCTTGAACTCCTGGCCTCGAGCACT-3 ’ 
containing  a  Xhol  site.  GSTB1  is  a  647-bp  fragment  from  codons  194  to  409,  GSTB2  a  508-bp  fragment 
from  codons  1651  to  1820,  and  GSTB3  a  500-bp  fragment  from  codons  3365  to  3418.  The  PCR 
products  were  purified  by  1%  agarose  gel  electrophoresis,  cut  with  restriction  enzymes,  purified  again 
and  subcloned  into  the  GST-fusion  protein  expression  vector  pGEX-5X-2  or  pGEX-4T-2  (Pharmacia,) 
to  generate  GST-BRCA2  proteins.  The  GST-BRCA2  fusion  constructs  were  verified  by  sequencing 
using  5’  and  3’  pGEX  sequencing  primers  (Pharmacia).  The  GST-fusion  proteins  were  expressed  in 
DH10B  bacterial  cells  (GEBCO)  and  purified  by  affinity  chromatography  with  glutathione  sepharose  4B. 
Two  fusion  proteins  (region  1  and  3)  were  further  purified  by  12%  SDS-polyacrylamide  gels  (SDS- 
PAGE).  All  antibodies  were  affinity-purified. 

Immunoprecipitation  Cells  were  lysed  in  lysis  buffer  (50  mM  Tris,  pH  8.0, 120  mM  NaCl,  0.5% 
Nonidet  P-40, 10  pg/ml  aprotinin,  10  pg/ml  leupeptin,  1  mM  phenylmethylsulfonyl  [PMSF],  and  1  mM 
sodium  orthovanadate).  The  total  protein  content  of  the  lysates  was  determined  by  the  BCA  assay 
(Pierce).  In  some  cases,  cells  were  labeled  with  [35S]methionine  (0.1  mCi/ml)  or  [32P]phosphoric  acid 
(0.25  mCi/ml;  NEN)  for  3  hr.  Phosphatase  treatment  of  immunoprecipitates  was  performed  as  described 
(40).  Protein  was  precipitated  with  the  corresponding  antibody  for  3  hr  by  rocking  at  4°C.  Precipitates 
were  washed  four  times  with  lysis  buffer,  and  then  electrophoresed  on  4-10%  SDS-PAGE  gels.  Rainbow 
prestained  standards  (Amersham)  were  co-electrophoresed  on  adjacent  lanes. 

Immunoblotting  After  electrophoresis,  proteins  were  electrophoretically  transferred  from  the  gel 
onto  a  poly(vinylidene  difluoride)  (PVDF)  membrane  (Millipore).  The  residual  binding  sites  on  the 
membrane  were  blocked  by  1%  milk  in  PBS  containing  0.1%  Tween  20  for  1  hour  at  room  temperature. 
The  blots  were  then  incubated  for  1  hr  at  room  temperature  with  a  primary  antibody.  After  removing  the 
primary  antibody  the  blots  were  washed  3  times  (10  min  each),  and  then  incubated  for  1  hr  with  a 
secondary  antibody.  ECL  or  ECLPlus  (Amersham)  was  used  for  signal  detection.  Anti-GFP  antibody  was 
obtained  from  CLONTECH,  antibodies  against  p53  (PAb421),  DNA-dependent  protein  kinase,  or 
RAD51  from  Calbiochem,  antibodies  against  the  HA  epitope  or  p53  (DO-1)  from  Santa  Cruz 
Biotechnology,  and  anti-retinoblastoma  protein  (RB)  antibody  from  PharMingen. 
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Plasmid  constructs  pGFPB2  containing  human  full-length  BRCA2  cDNA  fused  in-frame  with  green 
fluorescent  protein  (GFP)  was  constructed  as  follows.  A  fragment  at  the  n-terminus  of  BRCA2  was 
generated  from  pUCBRCA2  by  PCR  amplification  using  a  high-fidelity  PCR  system  (Boehringer 
Mennheim)  and  the  following  primers:  5 ’ -GGCCAGAT CTAT GCCTATTGGATCC AAAGAGAGG-3  ’ 
and  5’-GGCCGTCGACTGCTTGTTTATCACCTGTGTCTCC-3’.  This  fragment  was  subcloned  into  the 
pEGFPCl  vector  (CLONTECH)  at  Bglll  and  Sail  sites  to  generate  pGFPB2N.  A  Sse8387I-SalI  BRCA2 
fragment  released  from  pUCBRCA2  (Myriad)  then  was  ligated  with  pGFPB2N  digested  with  Bglll  and 
Sse8387I  to  generate  pGFPB2.  Sequencing  confirmed  the  identity  of  the  fragment  generated  by  PCR.  A 
human  full-length  RAD5 1  cDNA  with  Bamlll  and  Sail  flanking  was  amplified  from  a  human  testis  cDNA 
library  (CLONTECH)  by  using  Pfu  DNA  polymerase  (Stratagene)  and  the  following  primers:  5’- 
GGCCGGATCCATGGCAATGCAGATGCAGCTTG-3’  and  5 ’-GGCCGTCGACTCTTTGGCATCT 
CCCACTCCAT-3  .  Cloning  of  this  cDNA  fragment  into  pcDNAjHA  generated  an  N-terminal 
hemagglutinin  (HA)  tagged  human  RAD51  construct,  pHA-RAD51.  A  BgHI-BamHI  fragment  containing 
two  copies  of  the  consensus  p53  binding  sequence  and  the  adenovirus  major  late  TATA  box  from  p50-2 
were  cloned  into  the  pGL2  vector  (Promega)  to  generate  a  luciferase  reporter  plasmid  PGhic.  GAL41uc 
and  GAL4-VP16  were  a  gift  fromR.  Davis  (Univ.  of  Massachusetts,  Worcester). 

Immunofluoresence  Cells  were  grown  to  70%  confluency  on  glass  cover  slips  in  6-well  tissue 
culture  plates,  then  washed  with  phosphate  buffered  saline  (PBS),  fixed  for  30  minutes  in  2% 
paraformaldehyde  in  PBS,  or  20  minutes  in  chilled  methanol.  After  blocking  in  PBS  containing  2%  BSA, 
Cells  were  stained  with  a  primary  antibody  for  1  hour  at  37°C,  washed  3  times,  and  then  incubated  with  a 
secondary  antibody  conjugated  to  fluorescein,  rhodomine  or  CY3  (Rockland)  for  1  hour.  Cells  were 
washed  and,  in  some  cases,  counterstained  with  DAPI  to  label  nuclei.  After  a  final  wash  coverslips  were 
mounted  in  vectashield  (V ector  Labs)  and  sealed  with  nail  polish.  Labeled  cells  were  visualized  with  a 
Nikon  epifluorescence  microscope.  To  detect  the  localization  of  exogenous  BRCA2,  pGFPB2  was 
transiently  transfected  into  293T  cells  in  6-well  plates  containing  coverslips  using  Lipofectamine 
(GIBCO).  Twenty-four  hours  after  transfection,  cells  were  incubated  with  hoechst  stain  (No.  33258;  5 
pg/ml;  Sigma)  for  15  min  to  label  nuclei.  Coverslips  were  transferred  to  a  Sykes-Moore  perfusion 
chamber  (Belco)  mounted  on  the  stage  of  a  Nikon  Eclipse  E600  microscope  and  maintained  at  37°C. 
Images  were  collected  by  using  a  Nikon  Plan  Apo  XI 00  oil  immersion  objective  lens  (numerical  aperture- 
1.4),  a  1,000  X  800  pixel  back-illuminated  cooled  charge-coupled  device  camera  (Princeton  Instruments), 
and  metamorph  software  (Universal  Imaging). 

Northern  blot  Total  RNA  was  isolated  from  cell  lines  with  RNAzol.  10  pg  of  total  RNA  is  denatured 
in  24.5  pi  denaturing  buffer.  The  denaturing  buffer  contains  2.2  M  fomaldehyde,  lx  3-(N-morpholino) 
propane  sulfonic  acid  (MOPS,  5  mM  sodium  acetate,  0.1  mM  EDTA),  and  50%  formamide.  RNA 
samples  were  then  heated  for  10  minutes  at  60°C,  mixed  with  0.5  pi  of  3%  bromophenol  blue,  and 
electrophoresed  on  a  1%  agarose  gel  containing  2.2  M  formaldehyde.  After  electrophoresis,  the  gel  was 
rinsed  briefly  3  times  with  water,  followed  by  50  mM  NaOH,  and  neutralized  by  incubating  in  1  M 
ammonium  acetate  twice.  RNA  samples  were  then  transferred  to  nitrocellulose  membranes  in  1  M 
ammonium  acetate.  Following  transfer,  the  membrane  was  washed  in  1  M  ammonium  acetate  for  30 
minutes,  air-dried,  and  baked  at  80°C  for  3  hours.  The  membrane  was  hybridized  overnight  at  42°C  with  a 
32P-labelled  DNA  probe  for  BRCA2  as  described  previously  (Kraus  and  Aaronson,  1993).  The  BRCA2 
probes  were  the  same  RT-PCR  products  used  to  generate  GST-fusion  proteins,  and  were  labeled  with  a 
nick  translation  kit  (Amersham). 

Yeast  two  hybrid  system  for  identifying  proteins  potentially  interacting  with  BRCA2  A  yeast 
two  hybrid  system  (MATCHMAKER  Two-Hybrid  System  2)  was  obtained  from  Clontech  (Palo  Alto). 
BRCA2  fragments  were  amplified  by  RT-PCR  from  the  normal  breast  epithelial  cell  line  AB5.  For  the  C- 
terminal  region,  upstream  primer  is  5’-CAGTTGGAAATTAGGAAGGCCATGGAATCTGCT 
GAA-3’  containing  a  Ncol  site;  downstream  primer  is  5’-GGCCGTCGACTACCAATACGGAATCG 
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GGCAAAAC-3’  containing  a  Sail  site.  For  exon  11  region,  upstream  primer  is  5’-CAAGAACTCTACC 
ATGGTTTTATATGGAGACACAGG-3’  containing  a  Ncol  site;  downstream  primer  is  5’-GGCCGT 
CGACCTCAACAAGTGAGACnTGGTTCC-3’  containing  a  Sail  site.  The  target  protein  vectors  were 
constructed  by  inserting  BRCA2  fragments  in  the  correct  reading  frame  and  orientation  into  pAS2-l  to 
generate  a  hybrid  of  GALA  DNA-BD  and  BRCA2.  The  fusion  constructs  were  verified  by  restriction 
digestion  and  sequencing  using  the  GAL4  DNA-BD  junction  primer.  After  transformation  of  the  DNA- 
BD/BRCA2  plasmid  into  the  reporter  yeast  strain  CG-1945  using  the  YEASTMAKER  yeast 
transformation  system  (Clontech),  the  expression  and  stability  of  the  hybrid  proteins  were  assayed  by 
Western  blot  analysis  using  a  GALA  DNA-BD  monoclonal  antibody  (Upstate  Biotechnology).  A  human 
testis  cDNA  library  and  a  human  placenta  cDNA  library  (Clontech)  were  used  for  screening  genes 
potentially  interacting  with  BRCA2. 

Results 

Characterization  of  the  BRCA2  gene  product.  To  facilitate  the  study  of  BRCA2  structure  and 
function,  I  generated  a  series  of  polyclonal  and  monoclonal  antibodies  using  both  peptides  and  GST 
fusion  proteins  corresponding  to  various  regions  of  the  molecule  (Fig.  1  A).  On  western  blots  of 293T  cell 
lysates,  affinity-purified  polyclonal  antibodies  against  both  the  N-terminal  (anti-N19)  and  C-terminal 
peptides  (anti-C15)  recognized  a  band  at  a  molecular  mass  much  greater  than  that  of  the  220  kDa  myosin 
standard  (Fig.  IB).  This  band  was  also  detected  in  MCF7  cells  (Fig.  1 C,  lane  3),  and  co-migrated  with 
460-kDa  DNA-PK  (Fig.  1C,  lane  9).  However,  it  was  not  detected  by  anti-C15  in  CAPAN-1  cells  (Fig. 
1C,  lane  4),  a  human  pancreatic  tumor  cell  line  which  has  lost  one  BRCA2  allele  and  contains  the 
6174delT  mutation  in  the  remaining  allele  (Table  1  and  ref.  41). 

To  confirm  that  this  band  reflected  the  authentic  BRCA2  protein,  I  transfected  293T  cells  with  the 
plasmid  pGFPB2  containing  full-length  BRCA2  cDNA  fused  at  its  N-terminus  to  GFP,  or  with  the 
control  vector  pEGFPCl.  Both  anti-N19  and  anti-C15  specifically  recognized  a  band  in  pGFPB2 
transfected  but  not  in  vector  transfected  293T  cells  at  the  predicted  size  of  the  GFP-BRCA2  fusion 
protein,  approximately  27  kDa  higher  in  mass  than  the  native  BRCA2  protein  (Fig.  IB,  lanes  1  and  5).  A 
protein  of  the  same  size  was  also  recognized  by  a  polyclonal  antibody  against  GFP  (Fig.  IB,  lane  9), 
confirming  its  identity  as  GFP-BRCA2.  Moreover,  all  of  these  bands  were  specifically  competed  by  the 
homologous  peptides  (Fig.  IB).  Further  confirmation  that  the  proteins  I  had  identified  represent  the 
authentic  BRCA2  protein  was  provided  by  immunoprecipitation/westem  blot  experiments.  MCF7, 
CAPAN-1  or  transfected  293T  cell  lysates  were  immunoprecipitated  with  a  monoclonal  antibody  (mAb 
B2)  raised  against  the  GSTB2  region  of  BRCA2  (Fig.  1A),  and  then  immunoblotted  with  anti-C15.  The 
expected  460-kDa  BRCA2  protein  was  detected  in  MCF7  and  293T  cells  but  not  in  CAPAN-1  cells,  and 
the  487  kDa  GFP-BRCA2  fiision  protein  was  only  detected  in  pGFPB2  transfected  293T  cells  (Fig.  1C). 
All  of  these  findings  firmly  established  the  identity  of 460-kDa  protein  as  the  product  of  the  BRCA2  gene. 

When  BRCA2  was  immunoprecipitated  with  mAb  B2  from  CAPAN-1  or  MCF  cell  lysates,  and 
immunoblotted  with  anti-N19,  a  truncated  BRCA2  protein  was  specifically  detected  in  CAPAN-1  cells 
(Fig.  ID,  lane  1).  This  truncated  species  migrated  above  the  220  kDa  myosin  standard,  and  had  an 
estimated  molecular  mass  of 230  kDa,  matching  the  predicted  size  of 224  kDa.  These  results  indicate  that 
the  mutated  BRCA2  gene  in  CAPAN-1  cells  encodes  a  stable  truncated  protein. 

It  should  be  noted  that  both  anti-C15  and  mAb  B2  recognized  a  BRCA2  doublet  in  MCF7  and  293T 
cells  (Fig.  IB  and  C),  suggesting  the  possibility  of  post-translational  processing,  such  as  phosphorylation. 
Evidence  that  BRCA2  was  phosphorylated  derived  from  [32P]  labeling  experiments,  in  which  a  [32P] 
labeled  band  at  460  kDa  was  detected  in  autoradiographs  of  mAb  B2  immunoprecipitates  of  MCF7,  but 
not  CAPAN-1  cells  (Fig.  IE).  However,  when  mAb  B2  immunoprecipitates  from  MCF7  cells  were 
treated  with  lambda-phosphatase,  the  BRCA2  doublet  was  not  altered.  Under  the  same  conditions,  the 
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retinoblastoma  protein  (RB)  doublet,  which  is  known  to  result  from  phosphorylation  (42),  was  reduced 
to  a  single  band  (Fig.  IF).  Thus,  phosphorylation  was  unlikely  account  for  the  BRCA2  doublet.  It  should 
also  be  noted  that  anti-N19  only  recognized  the  upper  band  of  the  BRCA2  doublet,  and  that  GFP- 
BRCA2  migrated  as  a  single  band  as  well  (Fig.  IB  and  C).  Thus,  the  doublet  likely  resulted  from  BRCA2 
amino-terminal  processing  or  as  an  alternative  product  of  the  BRCA2  gene. 

Exogenously  expressed  BRCA2  localizes  to  the  nucleus.  BRCA2  reportedly  possesses  a  potential 
nuclear  localization  signal  in  its  C-terminus  (18),  and  recently  Bertwistle  et  aL  (43)  reported  that  BRCA2 
was  enriched  in  the  nuclear  fraction  derived  from  MCF7  cells.  While  my  antibodies  recognized  GFP- 
BRCA2  overexpressed  in  transfected  cells,  it  was  not  possible  to  reliably  detect  endogenous  BRCA2  by 
standard  immunofluorescent  methods  (my  unpublished  data).  However,  the  availability  of  the  GFP  tagged 
BRCA2  construct  made  it  possible  to  localize  the  transfected  GFP-BRCA2  protein  in  live  293T  cells  by 
fluorescence  microscopy.  While  GFP  alone  was  distributed  throughout  the  cell  (data  not  shown),  GFP- 
BRCA2  was  primarily  localized  to  the  Hoechst  labeled  nuclei  (Fig.  2).  These  results  suggest  a  nuclear 
localization  of  the  BRCA2  protein. 

Expression  of  BRCA2  in  normal  and  cancer  cells.  To  gain  information  about  whether  BRCA2’s 
transcription  and  translation  are  altered  in  cancer  cells,  how  BRCA2’s  expression  correlates  with  cell 
cycle  progression,  and  whether  there  is  a  difference  in  BRCA2’s  expression  during  a  specific  cell  cycle 
phase  in  tumor  cells,  I  examined  BRCA2’s  expression  at  both  mRNA  and  protein  levels  in  normal  and 
cancer  cells.  An  approximately  11 -kb  mRNA  species  of  BRCA2  and  the  460-kDa  BRCA2  protein  was 
found  in  all  the  cell  lines  examined  except  CAP  AN- 1  (Table  1).  The  expression  level  of  BRCA2  is 
different  in  different  cells,  and  peaks  at  Gl/S  cell  cycle  phase  both  in  normal  and  cancer  cells.  These 
results  indicate  that  BRCA2  is  widely  expressed  both  in  normal  and  cancer  cells. 

In  vivo  interaction  of  BRCA2  with  RAD51.  BRCA2  has  been  reported  to  interact  with  RAD51  in 
vitro  (refs  27,  35,  36  and  my  unpublished  data).  To  investigate  whether  these  proteins  form  a  complex  in 
vivo,  BRCA2  was  immunoprecipitaled  with  mAh  B2  from  MCF7  or  CAP  AN- 1  cell  lysates,  and 
immunoblotted  with  anti-RAD51.  As  shown  in  Fig.  3 A,  endogenous  RAD51  was  readily  detected  in  a 
complex  with  endogenous  BRCA2  in  MCF7  cells  (Fig.  3A,  lane  4),  while  there  was  a  faint  signal  for 
RAD51  co-immunoprecipitated  with  the  truncated  BRCA2  protein  in  CAPAN-1  cells  (Fig.  3 A,  lane  3). 
As  a  specificity  control,  anti-IgG  foiled  to  immunoprecipitate  complexes  containing  RAD51  from  MCF7 
cells  (Fig.  3  A,  lane  5).  The  signal  intensities  for  RAD51  in  50  pg  of  cell  lysates  (Fig.  3  A,  lane  2)  and  mAb 
B2  immunoprecipitates  from  2.5  mg  of  cell  lysates  (Fig.  3A,  lane  4)  were  comparable,  Thus, 
approximately  2%  of  RAD51  was  present  in  mAb  B2  immunoprecipitates.  When  adjusted  for  the 
approximately  10%  efficiency  of  BRCA2  immunoprecipitation  by  mAb  B2  (Fig.  1C),  I  estimate  that  at 
least  10-20%  of  RAD51  was  associated  with  BRCA2  in  MCF7  cells. 

The  levels  of  both  the  mutant  BRCA2  protein  and  RAD51  were  substantially  lower  in  CAPAN-1  cells 
(Fig.  ID,  lane  1;  Fig.  3A,  lane  1)  than  those  of  the  corresponding  proteins  in  MCF7  cells  (Fig.  Fig.  ID, 
lane  2;  Fig.  3  A,  lane  2).  Thus,  in  order  to  compare  the  ability  of  the  truncated  BRCA2  protein  to  interact 
RAD51  with  that  of  the  wild  type  BRCA2  protein,  I  increased  the  amount  of  CAPAN-1  cell  lysate  used 
for  co-immunoprecipitation  to  give  similar  levels  of  the  proteins  of  interest  to  those  in  MCF7  cells  (Fig. 
3B,  lanes  1  and  2).  Under  these  conditions,  the  amount  of  RAD51  co-immunoprecipitated  with  the 
truncated  BRCA2  in  CAPAN-1  cells  (Fig.3B,  lane  3)  was  comparable  to  that  observed  with  wild-type 
BRCA2  in  MCF7  cells  (Fig.  3B,  lane  4).  These  findings  are  consistent  with  the  in  vitro  mapping  of 
RAD51  binding  sites  to  each  of  the  eight  BRC  motifs  in  human  BRCA2  (36)  retained  by  the  mutant 
BRCA2  product  in  CAPAN-1  cells. 

I  also  transfected  293T  cells  with  pHA-RAD51,  an  N-terminal  HA  epitope  tagged  RAD51  construct. 
HA-RAD 5 1  was  then  immunoprecipitated  with  anti-HA,  and  immunoblotted  with  anti-Cl5.  As  shown  in 
Fig.  3C,  BRCA2  was  detected  in  HA-RAD51  immunoprecipitates  from  pHA-RAD51  but  not  the  control 
vector  transfected  293T  cells.  The  presence  of  HA-RAD51  in  BRCA2  immunoprecipitates  was 
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demonstrated  in  pHA-RAD51  transfected  293T  cells  as  well  (Fig.  3C,  bottom  panel).  As  specificity 
controls,  none  of  the  proteins  were  detected  in  immunoprecipitates  with  anti-IgG  under  the  same 
conditions  (Fig.  3C,  lane  5).  All  of  these  results  establish  that  complexes  containing  BRCA2  and  RAD51 
occur  in  vivo. 

BRCA2  forms  a  complex  with  p53  in  vivo.  BRCA2’s  nuclear  localization  and  its  putative 
transcriptional  activation  domain  (32)  suggest  that  this  protein  may  associate  with  a  transcriptional 
complex.  Since  p53-mediated  cell  cycle  arrest  is  induced  after  DNA  damage  to  allow  DNA  repair  (37),  I 
sought  to  investigate  whether  BRCA2  and  p53  might  be  physically  present  in  the  same  complex.  To  do 
so,  endogenous  p53  was  immunoprecipitated  from  MCF7  cell  lysates  by  monoclonal  antibody  DO-1,  and 
immunoblotted  with  anti-C15.  As  shown  in  Fig.  4A,  endogenous  BRCA2  was  readily  detectable  in  p53- 
containing  immunoprecipitates  of  MCF7  cells.  In  contrast,  neither  CAPAN-1,  nor  a  p53  negative  bladder 
cancer  cell  line,  EJ,  showed  evidence  of  such  immunocomplexes  (Fig.4A,  lanes  4  and  6).  The  IgG  heavy 
chain  has  a  gel  mobility  similar  to  p53,  making  it  difficult  to  reliably  detect  p53  by  immunoblotting  after 
immunoprecipitation.  In  order  to  perform  reciprocal  experiments  to  determine  whether  endogenous  p53 
was  present  in  BRCA2  immunoprecipitates,  I  labeled  cells  with  35S-methionine.  BRCA2-containing 
complexes  were  first  immunoprecipitated  with  anti-C15,  eluted,  and  then  immunoprecipitated  with  DO-1. 
As  shown  in  Fig.  4B,  a  [35S]  labeled  53-kDa  band  was  observed  in  autoradiographs  of  BRCA2/p53 
double  immunoprecipitates  of  MCF7,  but  not  CAPAN-1  or  EJ  cells  (Fig.4B,  lanes  4  and  6).  These 
findings  establish  that  BRCA2  and  p53  exist  in  vivo  in  the  same  complexes. 

BRCA2  inhibits  p53  transcriptional  activity.  To  investigate  possible  functional  interactions 
between  BRCA2  and  p53, 1  tested  whether  BRCA2  might  act  as  a  regulator  for  p53’s  transcriptional 
activity.  To  do  so,  MCF7  cells  were  transfected  with  pGFPB2  and  PGluc,  a  luciferase  reporter  plasmid 
containing  two  copies  of  the  p53-responsive  element.  As  shown  in  Fig.  5,  BRCA2  caused  a  decrease  in 
the  basal  activation  of  p53-responsive  elements  by  endogenous  p53,  when  compared  to  transfection  with 
the  control  vector  pEGFPCl.  BRCA2  also  caused  marked  inhibition  of  exogenous  p53  stimulation  of 
PGluc.  Co-transfection  with  BRCA2  had  a  similar  inhibitory  effect  on  exogenous  p53-stimulated 
transcriptional  activity  in  the  osteosarcoma  cell  line,  SAOS2,  and  the  small  cell  lung  carcinoma  cell  line, 
HI 299  (data  not  shown).  I  found  no  difference  in  the  level  of  p53  protein  level  expressed  in  cells  in  the 
presence  or  absence  of  co-transfection  with  BRCA2  (data  not  shown),  excluding  the  possibility  that 
inhibition  by  BRCA2  was  the  result  of  changes  in  p53  protein  level.  As  a  specificity  control,  GAL41uc,  a 
luciferase  reporter  containing  four  copies  of  GAL4  responsive  elements,  was  not  inhibited  by  co¬ 
transfection  of  BRCA2  with  GAL4-VP16,  a  vector  expressing  the  GAL4  DNA  binding  domain  fused  to 
the  transactivation  domain  of  VP16  (data  not  shown).  Thus,  BRCA2  was  not  a  general  transcriptional 
inhibitor  but  appeared  to  specifically  inhibit  p53  transcriptional  activity. 

RAD51  enhances  BRCA2  inhibition  of  p53  transcriptional  activity.  If  the  inhibitory  effect  of 
BRCA2  on  p53’s  transcriptional  activity  reflects  an  intersection  of  cell  cycle  checkpoint  and  DNA  repair 
pathways,  I  reasoned  that  RAD51  might  affect  p53’s  transcriptional  activity  as  well.  As  shown  in  Fig.  5, 
RAD51  had  no  effect  on  the  activation  of  p53-responsive  elements  by  endogenous  p53  in  MCF7  cells  or 
in  response  to  exogenous  p53.  However,  co-transfection  of  RAD51  with  BRCA2  caused  nearly  complete 
inhibition  of  PGluc  activation  by  either  endogenous  or  exogenous  p53.  These  results  indicate  that  RAD51 
enhances  BRCA2  inhibition  of  p53’s  transcriptional  activity. 

Discussion 

Since  BRCA2  is  extremely  large,  in  order  to  obtain  antibodies  with  high  specificity  and  sensitivity  for 
characterizing  it,  I  have  generated  five  polyclonal  antibodies  against  BRCA2  to  provide  good  coverage 
for  the  entire  molecule.  Two  of  them  were  generated  against  peptides,  and  three  others  were  generated 
against  GST-fosion  proteins  (Fig.  1A).  After  careful  characterization  of  these  polyclonal  antibodies,  I 
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found  that  the  two  peptide  antibodies  (anti-N19  and  anti-C15)  and  the  antibody  against  GSTB3  region 
can  specifically  detect  BRCA2  by  Western  blot,  and  anti-C15  is  also  capable  of  immunoprecipitating 
BRCA2  protein.  However,  the  other  two  polyclonal  antibodies  (against  GSTB1  and  GSTB3)  did  not  give 
a  specific  signal  in  these  applications.  None  of  these  polyclonal  antibodies  was  able  to  reliably  detect 
endogenous  BRCA2  by  standard  immunofluorescent  methods.  To  obtain  antibodies  for  all  purposes,  I 
generated  and  characterized  three  monoclonal  antibodies  against  GSTB1,  GSTB2  and  GSTB3 
respectively.  While  these  antibodies  work  very  well  in  immunoprecipitation  and  immunoblotting,  they  do 
not  give  a  reliable  pattern  in  immunofluorescent  staining.  To  determine  where  BRCA2  is  located  within  a 
cell,  I  constructed  a  GFP  tagged  BRCA2  construct  to  localize  the  transfected  GFP-BRCA2  protein  in  live 
293T  cells  by  fluorescence  microscopy.  Through  these  efforts,  I  identified  the  BRCA2  gene  product  as  a 
460  kDa  nuclear  phosphoprotein. 

Both  BRCA2  full  length  mRNA  and  protein  were  found  in  all  the  cell  lines  examined  except  CAPAN- 
1  (Table  1).  The  expression  level  of  BRCA2  was  cell-cycle  regulated  both  in  normal  and  cancer  cells. 
Thus,  the  alteration  in  BRCA2’s  expression  level  does  not  seem  to  correlate  with  tumorigenesis. 

The  identification  of  molecules  potentially  interacting  with  BRCA2  can  provide  clues  about  BRCA2’s 
junction.  By  using  a  yeast  two-hybrid  system  to  identify  genes  potentially  interacting  with  BRCA2, 1  have 
identified  RAD51.  The  in  vivo  complex  containing  BRCA2  and  RAD51  was  detected  by  co- 
immunoprecipitation.  Recently  Chen  et  al.  (44)  also  reported  detection  of  immunocomplexes  containing 
BRCA2  and  RAD51.  My  findings  established  that  a  major  fraction  of  endogenous  RAD51  is  associated 
with  the  endogenous  BRCA2  protein,  implying  that  this  interaction  is  functionally  significant 

I  demonstrated  further  that  CAPAN-1  tumor  cells,  which  contain  a  BRCA2  mutation  producing  a 
truncated  product,  express  a  single  BRCA2  immunoreactive  species  of  around  230  kDa,  consistent  with 
the  predicted  size  of  the  mutant.  Of  note,  the  mutant  protein,  though  expressed  at  low  level,  interacted 
with  RAD51  as  efficiently  as  the  wild  type  BRCA2.  This  mutant  would  be  predicted  to  retain  all  eight 
repetitive  BRC  motifs  which  have  been  mapped  in  vitro  to  be  RAD51  binding  sites  in  human  BRCA2 
(36).  These  results  point  to  a  possible  mechanism  by  which  truncated  BRCA2  mutants  found  commonly 
in  tumors  (Breast  Cancer  Information  Core)  may  actually  sequester  RAD51  in  a  nonfunctional  complex. 

The  p53  tumor  suppressor  gene  is  known  to  mediate  cell  cycle  arrest  following  DNA  damage  (37) 
and  there  are  reports  that  p53  can  be  detected  in  complexes  with  RAD51  (38, 39).  I  established  here  that 
p53  exists  in  in  vivo  complexes  containing  BRCA2.  Moreover,  a  functional  interaction  between  BRCA2 
and  p53  was  demonstrated  by  evidence  that  BRCA2  inhibits  p53  transcriptional  activity.  These  results  are 
consistent  with  the  possibility  that  BRCA2  may  act  to  limit  the  length  or  severity  of  p53-mediated  cell 
cycle  arrest  following  DNA  damage.  Other  studies  have  shown  that  Brca2  mutant  mouse  embryos  exhibit 
a  growth  arrest  phenotype  (27-29,  33,  34),  and  that  this  phenotype  is  less  severe  in  Brca2/p53  double 
mutant  mouse  embryos  (28).  In  addition,  Brca2  mutant  embryo  cells  exhibit  increased  p2lWAF1/cn>1  levels 
associated  with  a  defect  in  cell  proliferation  (29, 33, 34).  All  of  these  findings  are  consistent  with  a  role  of 
BRCA2  in  down-regulating  p53  transcriptional  activity. 

BRCA2,  RAD51  and  BRCA1  have  similar  patterns  of  expression  (reviewed  in  ref.  45)  and  mouse 
mutants  of  each  of  these  genes  exhibit  embryonic  lethality  (25-29,  46,  47)  which  can  be  partially  rescued 
in  a  p53  null  background  (28,  47,  48).  These  finding  imply  that  all  of  these  molecules  have  related 
functions.  BRCA1  and  BRCA2  have  been  reported  to  have  transcriptional  activity  potential  (30-32). 
Although  RAD51  has  been  shown  to  be  a  component  of  the  RNA  polymerase  II  holoenzyme  (49),  it  is 
not,  itself,  known  to  have  transcriptional  activity  (reviewed  in  ref.  45).  I  did  not  detect  any  effect  of 
RAD51  on  p53  transcriptional  activity.  However,  I  did  observe  cooperative  down-regulation  of  p53’s 
activity  by  RAD5 1  and  BRCA2,  providing  evidence  that  RAD5 1  is  coupled  to  transcription  pathways 
through  its  interactions  with  BRCA2  and  p53.  Thus,  BRCA2  appears  to  serve  as  a  regulator  linking  both 
cell  cycle  control  and  DNA  repair  pathways.  It  is  likely  that  BRCA2’s  role  in  breast  cancer  may  be  due  to 
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impaired  or  enhanced  function  of  the  BRCA2  gene  product  through  abnormal  interactions  with  other 
molecules  with  oncogenic  potential. 

In  relation  to  the  Statement  of  Work  outlined  in  the  proposal,  I  have  completed  Tasks  1-3,  5,  8-11; 
most  of  Tasks  4,  6,  and  7;  and  part  of  Tasks  12  and  15. 
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Figure  1.  Characterization  of  BRCA2  protein.  (A)  Diagram  showing  the  relative  positions  of  peptides 
(N19  and  Cl 5)  and  GST-fusion  proteins  (GSTB1,  GSTB2  and  GSTB3)  used  to  generate  antibodies 
against  BRCA2.  (B)  Lysates  (50  pg  of  total  protein)  of 293T  cells  transfected  with  pGFPB2  (lanes  1,  3, 
5,  7  and  9)  or  control  vector  pEGFPCl  (lanes  2,  4,  6,  8  and  10)  were  subjected  to  4%  SDS-PAGE,  and 
immunoblotted  with  the  indicated  antibodies  with  (lanes  3, 4,  7,  and  8)  or  without  (lanes  1, 2,  5, 6,  9  and 
10)  homologous  peptide  competition.  The  GFP  tag  at  the  N-terminus  of  BRCA2  may  interfere  with 
recognition  of  BRCA2  by  anti-N19  which  is  specific  for  the  N-terminus  of  BRCA2,  based  on  the 
relatively  stronger  signal  for  GFP-BRCA2  using  anti-C15.  (C)  Cell  lysates  (50  pg  of  total  protein;  lanes 
1  to  4),  mAb  B2  immunoprecipitates  (from  1  mg  of  total  protein;  lanes  5  to  8)  and  DNA-PK 
immunoprecipitates  (from  1  mg  of  total  protein;  lane  9)  were  resolved  on  the  same  4%  SDS-PAGE  gel, 
and  immunoblotted  with  anti-C15  or  anti-DNA-PK.  Cells  included  293T  transfected  with  pEGFPCl 
(lanes  1  and  5)  or  pGFPB2  (lanes  2  and  6),  MCF7  (lanes  3,  7  and  9),  and  CAPAN-1  (lanes  4  and  8).  (D) 
mAb  B2  immunprecipitates  from  2  mg  of  total  protein  of  CAPAN-1  (lane  1)  and  MCF7  (lane  2)  were 
resolved  by  5%  SDS-PAGE,  and  immunoblotted  with  anti-N19.  (E)  MCF7  (lane  1)  and  CAPAN-1  (lane 
2)  cell  lysates  were  labeled  with  [32P]  phosphoric  acid,  immunoprecipitated  with  mAb  B2,  resolved  on  a 
4%  SDS-PAGE,  and  exposed  to  Kodak  X-Omat  AR  film.  (F)  BRCA2  or  RB  immunoprecipitates  of 
MCF7  cells  were  untreated  (lanes  1  and  3)  or  treated  (lanes  2  and  4)  with  lambda-phosphatase,  separated 
by  4%  (BRCA2)  or  8%  (RB)  SDS-PAGE,  and  immunoblotted  with  anti-C15  or  anti-RB. 
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Figure  2.  Subcellular  localization  of  exogenously  expressed  BRCA2.  (A)-(C)  are  representative  images 
of  live  293T  cells  transfected  with  pGFPB2.  (A)  Image  showing  the  green  signal  of  GFP-BRCA2  in 
transfected  293T  cells.  (B)  Image  showing  the  nuclei  of  cells  in  the  same  field  labeled  with  Hoechst. 
Hoechst  labeling  is  indicated  as  red  color  instead  of  its  authentic  blue  color.  (C)  Overlay  of  the  images  in 
(A)  and  (B).  Bar  =10  pm. 
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Figure  3.  In  vivo  interactions  of  BRCA2  with  RADS  1 .  (A)  Cell  lysates  (50  jig  of  total  protein;  lanes  1 
and  2)  and  mAb  B2  (lanes  3  and  4)  or  anti-IgG  (lane  5)  immunoprecipitates  (from  2.5  mg  of  total 
protein)  were  resolved  by  10%  SDS-PAGE,  and  immunoblotted  with  anti-RAD51.  (B)  Cell  lysates  (50 
pg  of  total  protein  for  CAPAN-1,  and  25  pg  of  total  protein  for  MCF7;  lanes  1  and  2)  and  mAb  B2 
immunoprecipitates  (from  4  mg  of  total  protein  for  CAPAN-1,  and  2  mg  of  total  protein  for  MCF7;  lanes 
3  and  4)  were  resolved  by  10%  SDS-PAGE,  and  immunoblotted  with  anti-RAD51.  (C)  293T  cells 
transfected  with  pHA-RAD51  or  the  control  HA  vector  were  lysed  and  immunoprecipitated  with  anti- 
HA,  mAb  B2  or  anti-IgG.  Lysates  (lanes  1  and  2)  and  immunoprecipitates  (lanes  3  to  5)  were  separated 
by  4%  SDS-PAGE,  and  immunoblotted  with  anti-C15,  or  10%  SDS-PAGE,  and  immunoblotted  with 
anti-HA.  Anti-IgG  immunoprecipitates  from  HA-RAD51  transfected  cells  were  used  as  a  specificity 
control  (lane  5). 
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Figure  4.  BRCA2  forms  a  complex  with  p53  in  vivo.  (A)  Cell  lysates  (40  pg  of  total  protein;  lanes  1  to 
3)  and  p53  immunoprecipitates  (from  4  mg  of  total  protein;  lanes  4  to  6)  were  resolved  by  6%  SDS- 
PAGE,  and  immunoblotted  with  anti-C15.  (B)  Cell  lysates  (lanes  1  to  3)  were  separated  by  10%  SDS- 
PAGE,  and  immunoblotted  with  anti-p53  PAb421.  Anti-C15  immunoprecipitates  from  35S-methionine 
labeled  cells  were  eluted,  and  re-precipitated  with  anti-p53  DO-1.  The  double  immunoprecipitates  were 
resolved  by  10%  SDS-PAGE  and  subjected  to  fluorography  (lanes  4  to  6). 
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PGluc 


Figure  5.  RAD51  enhances  BRCA2  inhibition  of  p53’s  transcriptional  activity.  MCF  cells  were  co¬ 
transfected  with  the  indicated  plasmids  and  PGluc.  48  hr.  after  transfection,  luciferase  activity  was 
measured  as  described  in  Materials  and  Methods. 
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Table  1.  BRCA2’s  expression  in  different  cell  lines 


Cell  line 

BRCA2 

Cell  line 

BRCA2 

Cell  line 

BRCA2 

Cell  line 

BRCA2 

SKBR3 

4- 

MDAMB453 

4- 

CAOV3 

+ 

HUTU80 

4- 

BT20 

+ 

MDAMB468 

4 

PA-1 

4- 

DLD-1 

+ 

BT474 

4- 

MDAMB134VI 

4 

SKOV-3 

4- 

HEPG2 

4- 

MCF7 

4- 

ZR751 

4- 

SW626 

4- 

SW837 

+ 

MCF10A 

+ 

ZR7530 

4- 

ME180 

4- 

BXPC3 

4* 

MDAMB157 

4 

ED 

4* 

HELAS3 

4- 

EJ 

4- 

MDAMB175VII 

4- 

MDAMB435S 

+ 

MS751 

4- 

SW480 

+ 

MDAMB231 

4 

AB5 

4- 

C4I 

4- 

293T 

4- 

MDAMB361 

4- 

129.NU2819 

+ 

C4II 

4- 

CAPAN-1 

- 

MDAMB415 

4 

HS578T 

4- 

AGS 

4- 

CAP  AN-2 

4- 

Note:  +  stands  for  visible  1  l-kb/460-kDa  band,  -  for  the  absence  of  a  visible  1  l-kb/460-kDa  band 

in  Northern  blot/Westem  blot. 
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Conclusions 


In  this  study,  I  identified  the  BRCA2  gene  product  as  a  460  kDa  nuclear  phosphoprotein  which  forms 
a  complex  with  RAD51  in  vivo.  My  findings  established  that  a  major  fraction  of  endogenous  RAD51  is 
associated  with  the  endogenous  BRCA2  protein,  implying  that  this  interaction  is  functionally  significant. 

I  demonstrated  further  that  CAPAN-1  tumor  cells,  which  contain  a  BRCA2  mutation  producing  a 
truncated  product,  express  a  single  BRCA2  immunoreactive  species  of  around  230  kDa,  consistent  with 
the  predicted  size  of  the  mutant.  Of  note,  the  mutant  protein,  though  expressed  at  low  level,  interacted 
with  RAD51  as  efficiently  as  the  wild  type  BRCA2.  This  mutant  would  be  predicted  to  retain  all  eight 
repetitive  BRC  motifs  which  have  been  mapped  in  vitro  to  be  RAD51  binding  sites  in  human  BRCA2 
(36).  These  results  point  to  a  possible  mechanism  by  which  truncated  BRCA2  mutants  found  commonly 
in  tumors  (Breast  Cancer  Information  Core)  may  actually  sequester  RAD51  in  a  nonfunctional  complex. 

I  established  that  p53  exists  in  vivo  in  complexes  containing  BRCA2.  Moreover,  a  functional 
interaction  between  BRCA2  and  p53  was  demonstrated  by  evidence  that  BRCA2  inhibits  p53 
transcriptional  activity.  These  results  are  consistent  with  the  possibility  that  BRCA2  may  act  to  limit  the 
length  or  severity  of  p53-mediated  cell  cycle  arrest  following  DNA  damage. 

I  did  not  detect  any  effect  of  RAD51  on  p53  transcriptional  activity.  However,  I  did  observe 
cooperative  down-regulation  of  p53’s  activity  by  RAD51  and  BRCA2,  providing  evidence  that  RAD51  is 
coupled  to  transcription  pathways  through  its  interactions  with  BRCA2  and  p53.  Thus,  BRCA2  appears 
to  serve  as  a  regulator  linking  both  cell  cycle  control  and  DNA  repair  pathways. 

This  study  includes  the  first  evidence  of  quantitative  physiological  interactions  between  endogenous 
BRCA2  and  RAD51,  the  first  demonstration  of  complexes  and  functional  interactions  involving  BRCA2 
and  p53,  the  first  evidence  that  BRCA2  is  a  phosphoprotein,  and  the  first  characterization  of  monoclonal 
antibodies  with  which  to  immunoprecipitate  and  characterize  BRCA2.  These  antibodies  should  be 
valuable  to  the  entire  field.  This  initial  characterization  of  the  BRCA2  gene  product  provides  a  basis  for 
further  functional  study  on  BRCA2.  The  demonstration  of  BRCA2’s  possible  role  in  cell  cycle  control 
and  DNA  repair  pathways  opens  up  new  directions  in  this  research  field. 
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Appendices 


Copies  of  an  abstract  and  a  journal  article  resulting  from  the  work  funded  by  this  grant  are  attached: 

1.  Abstract: 

Marmorstein,  L.Y.,  Ouchi,  T.,  Bartel,  P.  and  Aaronson,  S.  A.  (1998).  The  nuclear 
phosphoproteinBRCA2  inhibits  p53  activity  synergistically  with  RAD51.  Pathways  to  cancer, 
30.  (Cold  Spring  Harbor  Laboratory). 

2.  Journal  article: 

Marmorstein,  L.Y.,  Ouchi,  T.,  and  Aaronson,  S.  A.  The  BRCA2  gene  product  functionally 
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Germline  mutations  in  the  human  BRCA2  gene  confer 
susceptibility  to  early-onset  familial  breast  cancers.  Mouse  embryonic 
fibroblasts  lacking  BRCA2  are  defective  in  proliferation  presumably 
mediated  by  over-expression  of  p53  and  p2 1 WAF1/CIPI .  These  cells  are 
also  hypersensitive  to  radiation  and  defective  in  DNA  repair.  BRCA2  was 
shown  to  interact  with  RAD51  in  a  two-hybrid  system.  p53  was  also 
shown  to  interact  with  RADS  1  and  inhibit  RADS l’s  ATPase  activity. 
However,  it  is  not  yet  known  how  BRCA2  may  be  involved  in  p53 
checkpoint  and  RAD51  DNA  repair  pathways.  To  facilitate  the  study  of 
BRCA2  function,  we  generated  a  series  of  polyclonal  and  monoclonal 
antibodies  specific  for  the  BRCA2  protein.  Our  data  indicates  that  the 
BRC A2  gene  product  is  a  450-kDa  phosphoprotein.  Moreover,  live  cell 
image  analysis  of  293T  cells  transiently  transfected  with  a  GFP  tagged 
BRCA2  full-length  cDNA  construct  revealed  that  BRCA2  protein  is 
localized  to  the  cell  nucleus. 

By  using  a  luciferase  reporter  assay,  we  show  that  transfection  of 
BRCA2  into  breast  cancer  cells  expressing  wild-type  p53  inhibits  p53 
transcriptional  activity,  and  suppresses  exogenous  p53  activation  of  p53- 
responsive  elements.  In  addition,  co-transfection  of  BRCA2  and  RAD51 
synergistically  inhibits  p53’s  activity.  By  using  the  antibodies  generated, 
we  demonstrated  that  endogenous  BRCA2  can  be  co-immunoprecipitated 
in  complexes  containing  either  p53  or  RAD51.  These  results  suggest  that 
BRCA2  functionally  and  physically  interacts  with  these  key  components 
of  cell  cycle  control  and  DNA  repair  pathways. 
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ABSTRACT  Germ-line  mutations  in  the  human  BRCA2 
gene  confer  susceptibility  to  breast  cancer.  Efforts  to  elucidate 
its  function  have  revealed  a  putative  transcriptional  activation 
domain  and  in  vitro  interaction  with  the  DNA  repair  protein 
RAD51.  Other  studies  have  indicated  that  RAD51  physically 
associates  with  the  p53  tumor  suppressor  protein.  Here  we 
show  that  the  BRCA2  gene  product  is  a  460-kDa  nuclear 
phosphoprotein,  which  forms  in  vivo  complexes  with  both  p53 
and  RAD51.  Moreover,  exogenous  BRCA2  expression  in  can¬ 
cer  cells  inhibits  p53’s  transcriptional  activity,  and  RAD51 
coexpression  enhances  BRCA2’s  inhibitory  effects.  These 
findings  demonstrate  that  BRCA2  physically  and  functionally 
interacts  with  two  key  components  of  cell  cycle  control  and 
DNA  repair  pathways.  Thus,  BRCA2  likely  participates  with 
p53  and  RAD51  in  maintaining  genome  integrity. 


Germ-line  mutations  in  the  human  BRCA1  and  BRCA2  breast 
cancer  suppressor  genes  confer  susceptibility  to  breast  and 
ovarian  cancers  (1-4).  Mutations  in  BRCA1  and  BRCA2  are 
believed  to  be  responsible  for  most  hereditary  breast  cancers 
(3-10),  which  account  for  5-10%  of  all  breast  cancer  cases 
(11).  About  52%  of  the  families  with  four  or  more  breast 
cancer  cases  have  inherited  mutations  in  BRCA1 ,  and  32% 
possess  BRCA2  mutations  (12).  In  contrast,  somatic  mutations 
in  BRCA1  and  BRCA2  are  rare  in  sporadic  cases  of  breast 
cancer  (5, 13-15).  Both  BRCA1  and  BRCA2  are  up-regulated 
in  proliferating  and  differentiating  cells,  expressed  in  a  cell 
cycle-dependent  manner  peaking  at  the  Gl/S  boundary  (19- 
21),  widely  expressed  during  development  (22-24),  and  essen¬ 
tial  for  early  embryonic  development  (25-29).  Recent  evi¬ 
dence  indicates  that  BRCA1  is  involved  in  transcriptional 
regulation  (30,  31). 

The  BRCA2  gene  is  composed  of  27  exons  and  encodes  a 
predicted  384-kDa  protein  possessing  no  obvious  homology  to 
other  sequences  in  publicly  available  databases  (4).  There  are 
eight  repetitive  units  in  the  BRCA2  protein  sequence  (BRC 
motifs;  refs.  16  and  17)  and  a  potential  nuclear  localization 
signal  within  its  C  terminus  (18).  BRCA2  also  possesses  a 
putative  transcriptional  activation  domain  in  exon  3,  suggest¬ 
ing  a  role  of  BRCA2  in  the  regulation  of  gene  expression  (32). 
Evidence  for  a  possible  function  of  BRCA2  in  DNA  repair  has 
been  suggested  by  recent  findings  that  Brca2  mutant  mouse 
embryos  are  defective  in  DNA  repair  (27,  33,  34).  Moreover, 
yeast  two-hybrid  and  glutathione  5-transferase  (GST)  pull¬ 
down  analysis  revealed  that  BRCA2  interacts  in  vitro  with 
RAD51,  a  protein  involved  in  DNA  double-strand  break  repair 
and  homologous  recombination  (27,  35,  36).  Binding  sites  for 
RAD51  have  been  mapped  to  each  of  the  eight  BRC  motifs  in 
human  BRCA2  (36)  and  to  a  C-terminal  region  of  mouse 
Brca2  (27,  35). 
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Structural  and  functional  characterization  of  the  endoge¬ 
nous  BRCA2  protein  have  been  hampered  by  the  large  size  of 
the  protein  and  the  lack  of  suitable  immunological  reagents  for 
its  detection.  In  the  present  studies,  we  generated  polyclonal 
and  monoclonal  antibodies  to  characterize  endogenous 
BRCA2  and  identify  proteins  that  form  complexes  with  this 
protein.  We  demonstrate  that  BRCA2  is  a  nuclear  phospho¬ 
protein  that  associates  in  vivo  with  a  significant  portion  of  the 
endogenous  pool  of  RAD51.  Because  an  immediate  cellular 
reponse  to  DNA  damage  is  p53-mediated  cell  cycle  arrest  (37), 
and  R  AD51  has  been  reported  to  physically  associate  with  p53 
(38, 39),  we  also  investigated  whether  a  physical  and  functional 
relationship  could  be  detected  between  BRCA2  and  p53. 

MATERIALS  AND  METHODS 

Generation  of  BRCA2  Antibodies.  Polyclonal  antibodies 
were  raised  in  rabbits,  and  mAbs  were  generated  in  mice.  The 
peptides  were  conjugated  to  keyhole  limpet  hemacyanin.  The 
three  GST-fusion  regions  were  generated  by  reverse  transcrip- 
tion-PCR  amplification  using  the  following  primers:  5'- 
GGTCAAGTTCTTTAGCTACAGGATCCACCC-3 '  and  5'- 
CTCCATCTGGGCTCCATGTCGACCTGA  A  AG-3 '  for 
GSTB1,  5'-CCTGCAACTTGTTACAGAATTCAGTC- 
CCC-3'  and  5  '-AGGGTGAAG AGCTAGTCTCGAGTTC- 
CTCAA-3'  for  GSTB2,  and  5 '  -GTCAGTG AATCCACTA- 
GAATTCCTCCCACC-3 '  and  5'-TGGTCTTGAACTCCTG- 
GCCTCGAGCACT-3 '  for  GSTB3.  These  regions  then  were 
subcloned  into  the  GST-fusion  protein  expression  vector 
pGEX-5X-2  or  pGEX-4T-2  (Pharmacia)  and  verified  by  se¬ 
quencing.  All  antibodies  were  affinity-purified. 

Plasmid  Constructs.  pGFPB2  containing  human  full-length 
BRCA2  cDNA  fused  in-frame  with  green  fluorescent  protein 
(GFP)  was  constructed  as  follows.  A  fragment  at  the  N 
terminus  of  BRCA2  was  generated  from  pUCBRCA2  by  PCR 
amplification  using  a  high-fidelity  PCR  system  (Boehringer 
Mennheim)  and  the  following  primers:  5 ' -GGCCAGATC- 
TATGCCTATTGG ATCCAA AGAG AGG-3 '  and  5'-GGC- 
CGTCG ACTGCTTGTTTATCACCTGTGTCTCC-3 ' .  This 
fragment  was  subcloned  into  the  pEGFPCl  vector  (CLON- 
TECH)  at  BglU  and  Sail  sites  to  generate  pGFPB2N.  A 
5se8387I-5a/I  BRCA2  fragment  released  from  pUCBRCA2 
then  was  ligated  with  pGFPB2N  digested  with  BglU.  and 
5se8387I  to  generate  pGFPB2.  Sequencing  confirmed  the 
identity  of  the  fragment  generated  by  PCR.  A  human  full- 
length  RAD51  cDNA  with  Bam  HI  and  Sail  flanking  was 
amplified  from  a  human  testis  cDNA  library  (CLONTECH)  by 
using  Pfu  DNA  polymerase  (Stratagene)  and  the  following 
primers:  5'-GGCCGGATCCATGGCAATGCAGATG- 
CAGCTTG-3'  and  5  '-GGCCGTCGACTCTTTGGCATCT- 
CCC ACTCCAT-3 ' .  Cloning  of  this  cDNA  fragment  into 
pcDNA3HA  generated  an  N-terminal  hemagglutinin  (HA)- 


Abbreviations:  GST,  glutathione  5-transferase;  GFP,  green  fluores¬ 
cent  protein;  HA,  hemagglutinin;  RB,  retinoblastoma  protein. 

*To  whom  reprint  requests  should  be  addressed,  e-mail:  Aaronson  @ 
smtplink.mssm.edu . 
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tagged  human  Rad51  construct,  pHA-RADSL  A  BgRl~ 
BamYSl  fragment  containing  two  copies  of  the  consensus  p53 
binding  sequence  and  the  adenovirus  major  late  TATA  box 
from  p50-2  (a  gift  from  A.  J.  Levine,  Princeton  Univ., 
Princeton,  NJ)  were  cloned  into  the  pGL2  vector  (Promega)  to 
generate  a  luciferase  reporter  plasmid  PGluc.  GAL41uc  and 
GAL4-VP16  were  a  gift  from  R.  Davis  (Univ.  of  Massachu¬ 
setts,  Worcester). 

Fluorescence  Microscopy.  pGFPB2  was  transiently  trans¬ 
fected  into  293T  cells  in  6-well  plates  containing  coverslips 
using  Lipofectamine  (GIBCO).  Twenty-four  hours  after  trans¬ 
fection,  cells  were  incubated  with  Hoechst  stain  (bisBenzimide 
Trihydrochloride  Hoechst  No.  33258;  5  /ttg/ml;  Sigma)  for  15 
min  to  label  nuclei.  Coverslips  were  transferred  to  a  Sykes- 
Moore  perfusion  chamber  (Belco)  mounted  on  the  stage  of  a 
Nikon  Eclipse  E600  microscope  and  maintained  at  37°C. 
Images  were  collected  by  using  a  Nikon  Plan  Apo  X100  oil 
immersion  objective  lens  (numerical  aperture  —  1.4),  a  1,000  X 
800  pixel  back-illuminated  cooled  charge -coupled  device  cam¬ 
era  (Princeton  Instruments,  Trenton,  NJ),  and  Metamorph 
software  (Universal  Imaging,  Media,  PA). 

Luciferase  Assays.  Plasmid  DNAwas  transiently  transfected 
into  cells  by  using  Lipofectamine  PLUS  (GIBCO).  Approxi¬ 
mately  2  X  106  cells  were  cotransfected  with  1  fig  of  reporter 
plasmid  and  1  fig  of  effector  plasmid  except  for  pGFPB2  (5 
fig).  Cells  were  harvested  48  hr  after  transfection,  and  lucif¬ 
erase  activity  was  measured  by  using  a  luciferase  assay  kit 
(Promega).  The  transfection  efficiency  was  normalized  by 
measuring  /5-galactosidase  activities  after  the  cotransfection  of 
MFG-/?-galactosidase  plasmid. 

Immunoprecipitation  and  Immunoblotting.  Cell  lysates 
were  prepared  in  lysis  buffer  (50  mM  Tris-HCl,  pH  8.0/120 
mM  NaCl/0.5%  Nonidet  P-40/10  fig/m\  aprotinin/10  fig/mX 
leupeptin/1  mM  phenylmethylsulfonyl  fhioride/1  mM  sodium 
orthovanadate).  In  some  cases,  cells  were  labeled  with  [35S]me- 
thionine  (0.1  mCi/ml)  or  [32P]phosphoric  acid  (0.25  mCi/ml; 
NEN)  for  3  hr.  The  total  protein  content  of  the  lysates  was 
determined  by  bicinchoninic  acid  assay  (Pierce).  Phosphatase 
treatment  of  immunoprecipitates  was  performed  as  described 
(40).  Cell  lysates  or  immunoprecipitates  were  electrophoresed 
on  4%,  6%,  or  10%  SDS-polyacrylamide  gels  and  transferred 
onto  a  poly(vinylidene  difluoride)  membrane  (Millipore). 
ECL  or  ECL  Plus  (Amersham)  was  used  for  signal  detection. 
Anti-GFP  antibody  was  obtained  from  CLONTECH,  antibod¬ 
ies  against  p53  (PAb421),  DNA-dependent  protein  kinase,  or 
RAD51  from  Calbiochem,  antibodies  against  the  HA  epitope 
or  p53  (DO-1)  from  Santa  Cruz  Biotechnology,  and  anti¬ 
retinoblastoma  protein  (RB)  antibody  from  PharMingen. 

RESULTS 

Characterization  of  the  BRCA2  Gene  Product.  To  facilitate 
the  study  of  BRCA2  structure  and  function,  we  generated  a 
series  of  polyclonal  and  monoclonal  antibodies  by  using  both 
peptides  and  GST  fusion  proteins  corresponding  to  various 
regions  of  the  molecule  (Fig.  14).  On  Western  blots  of  293T 
cell  lysates,  affinity-purified  polyclonal  antibodies  against  both 
the  N-terminal  (anti-N19)  and  C-terminal  peptides  (anti-C15) 
recognized  a  band  at  a  molecular  mass  much  greater  than  that 
of  the  220-kDa  myosin  standard  (Fig.  IB).  This  band  also  was 
detected  in  MCF7  cells  (see  Fig.  3C,  lane  3)  and  comigrated 
with  460-kDa  DNA-dependent  protein  kinase  (Fig.  1C,  lane 
9).  However,  it  was  not  detected  by  anti-C15  in  CAPAN-1  cells 
(Fig.  1C,  lane  4),  a  human  pancreatic  tumor  cell  line  that  has 
lost  one  BRCA2  allele  and  contains  the  6174delT  mutation  in 
the  remaining  allele  (41). 

To  confirm  that  this  band  reflected  the  authentic  BRCA2 
protein,  we  transfected  293T  cells  with  the  plasmid  pGFPB2 
containing  full-length  BRCA2  cDNA  fused  at  its  N  terminus  to 
GFP  or  with  the  control  vector  pEGFPCl.  Both  anti-N19  and 
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Fig.  1.  Characterization  of  BRCA2  protein.  (A  )  Diagram  showing 
the  relative  positions  of  peptides  (N19  and  C15)  and  GST-fusion 
proteins  (GSTB1,  GSTB2,  and  GSTB3)  used  to  generate  antibodies 
against  BRCA2.  Among  antibodies  generated  against  GST-fusion 
proteins,  we  selected  a  mAb  generated  against  GSTB2  for  use  in  this 
study.  (B)  Lysates  (50  fig  of  total  protein)  of  293T  cells  transfected 
with  pGFPB2  (lanes  1, 3, 5, 7,  and  9)  or  control  vector  pEGFPCl  (lanes 
2,  4,  6,  8,  and  10)  were  subjected  to  4%  SDS/PAGE,  and  immuno¬ 
blotted  with  the  indicated  antibodies  with  (lanes  3,  4,  7,  and  8)  or 
without  (lanes  1,  2, 5,  6,  9,  and  10)  homologous  peptide  competition. 
The  GFP  tag  at  the  N  terminus  of  BRCA2  may  interfere  with 
recognition  of  BRCA2  by  anti-N19,  which  is  specific  for  the  N 
terminus  of  BRCA2,  based  on  the  relatively  stronger  signal  for 
GFP-BRCA2  using  anti- Cl 5.  (C)  Cell  lysates  (50  fig  of  total  protein; 
lanes  1-4),  mAb  B2  immunoprecipitates  (from  1  mg  of  total  protein; 
lanes  5-8),  and  DNA-dependent  protein  kinase  immunoprecipitates 
(1  mg  of  total  protein;  lane  9)  were  resolved  on  the  same  4% 
SDS/PAGE  gel,  and  immunoblotted  with  anti-CIS  or  anti-DNA- 
protein  kinase.  Cells  included  293T  transfected  with  pEGFPCl  (lanes 
1  and  5)  or  pGFPB2  (lanes  2  and  6),  MCF7  (lanes  3,  7,  and  9),  and 
CAPAN-1  (lanes  4  and  8).  (D)  mAb  B2  immunprecipitates  from  2  mg 
of  total  protein  of  CAPAN-1  (lane  1)  and  MCF7  (lane  2)  were  resolved 
by  5%  SDS/PAGE  and  immunoblotted  with  anti-N19.  (E)  MCF7 
(lane  1)  and  CAPAN-1  (lane  2)  cell  lysates  were  labeled  with 
pPJphosphoric  acid,  immunoprecipitated  with  mAb  B2,  resolved  on 
a  4%  SDS/PAGE,  and  exposed  to  Kodak  X-Omat  AR  film.  (F) 
BRCA2  or  RB  immunoprecipitates  of  MCF7  cells  were  untreated 
(lanes  1  and  3)  or  treated  (lanes  2  and  4)  with  lambda-phosphatase, 
separated  by  4%  (BRCA2)  or  8%  (RB)  SDS/PAGE,  and  immuno¬ 
blotted  with  anti-C15  or  anti-RB. 


anti-C15  specifically  recognized  a  band  in  pGFPB2- 
transfected,  but  not  in  vector-transfected,  293T  cells  at  the 
predicted  size  of  the  GFP-BRCA2  fusion  protein,  approxi- 
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mately  27  kDa  higher  in  mass  than  the  native  BRCA2  protein 
(Fig.  IB,  lanes  1  and  5).  A  protein  of  the  same  size  also  was 
recognized  by  a  polyclonal  antibody  against  GFP  (Fig.  LB,  lane 
9),  confirming  its  identity  as  GFP-BRCA2.  Moreover,  all  of 
these  bands  were  specifically  competed  by  the  homologous 
peptides  (Fig.  IB).  Further  confirmation  that  the  proteins  we 
had  identified  represent  the  authentic  BRCA2  protein  was 
provided  by  immunoprecipitation/Westem  blot  experiments. 
MCF7,  CAP  AN-1,  or  transfected  293T  cell  lysates  were  im- 
munoprecipitated  with  a  mAh  (mAb  B2)  raised  against  the 
GSTB2  region  of  BRCA2  (Fig.  1A),  and  then  immunoblotted 
with  anti-C15.  The  expected  460-kDa  BRCA2  protein  was 
detected  in  MCF7  and  293T  cells  but  not  in  CAPAN-1  cells, 
and  the  487-kDa  GFP-BRCA2  fusion  protein  was  detected 
only  in  pGFPB2-transfected  293T  cells  (Fig.  1C).  All  of  these 
findings  firmly  established  the  identity  of  the  460-kDa  protein 
as  the  product  of  the  BRCA2  gene. 

When  BRCA2  was  immunoprecipitated  with  mAb  B2  from 
CAPAN-1  or  MCF  cell  lysates  and  immunoblotted  with  anti- 
N19,  a  truncated  BRCA2  protein  was  specifically  detected  in 
CAPAN-1  cells  (Fig.  ID,  lane  1).  This  truncated  species 
migrated  above  the  220-kDa  myosin  standard  and  had  an 
estimated  molecular  mass  of  230  kDa,  nearly  matching  the 
predicted  size  of  224  kDa.  These  results  indicate  that  the 
mutated  BRCA2  gene  in  CAPAN-1  cells  encodes  a  stable 
truncated  protein. 

It  should  be  noted  that  both  anti-CIS  and  mAb  B2  recog¬ 
nized  a  BRCA2  doublet  in  MCF7  and  293T  cells  (Fig.  1 B  and 
C),  suggesting  the  possibility  of  posttranslational  processing, 
such  as  phosphorylation.  Evidence  that  BRCA2  was  phos- 
phorylated  derived  from  [32P] -labeling  experiments,  in  which 
a  [32P]-labeled  band  at  460  kDa  was  detected  in  autoradio¬ 
graphs  of  mAb  B2  immunoprecipitates  of  MCF7,  but  not 
CAPAN-1  cells  (Fig.  IE).  However,  when  mAb  B2  immuno¬ 
precipitates  from  MCF7  cells  were  treated  with  lambda- 
phosphatase,  the  BRCA2  doublet  was  not  altered.  Under  the 
same  conditions,  the  RB  doublet,  which  is  known  to  result 
from  phosphorylation  (42),  was  reduced  to  a  single  band  (Fig. 
IF).  Thus,  phosphorylation  was  unlikely  to  account  for  the 
BRCA2  doublet.  It  also  should  be  noted  that  anti-N19  recog¬ 
nized  only  the  upper  band  of  the  BRCA2  doublet,  and  that 
GFP-BRCA2  migrated  as  a  single  band  as  well  (Fig.  1  B  and 
C).  Thus,  the  doublet  likely  resulted  from  BRCA2  amino- 
terminal  processing  or  as  an  alternative  product  of  the  BRCA2 
gene. 

Exogenously  Expressed  BRCA2  Localizes  to  the  Nucleus. 
BRCA2  reportedly  possesses  a  potential  nuclear  localization 
signal  in  its  C  terminus  (18),  and  recently  Bertwistle  et  al.  (43) 
reported  that  BRCA2  was  enriched  in  the  nuclear  fraction 
derived  from  MCF7  cells.  Although  our  antibodies  recognized 
GFP-BRCA2  overexpressed  in  transfected  cells,  it  was  not 
possible  to  reliably  detect  endogenous  BRCA2  by  standard 
immunofluorescent  methods  (unpublished  data).  However, 
the  availability  of  the  GFP-tagged  BRCA2  construct  made  it 
possible  to  localize  the  transfected  GFP-BRCA2  protein  in  live 
293T  cells  by  fluorescence  microscopy.  Although  GFP  alone 
was  distributed  throughout  the  cell  (data  not  shown),  GFP- 
BRCA2  primarily  was  localized  to  the  Hoechst-labeled  nuclei 
(Fig.  2).  These  results  suggest  a  nuclear  localization  of  the 
BRCA2  protein. 

In  vivo  Interaction  of  BRCA2  with  R ADSL  BRCA2  has  been 
reported  to  interact  with  RAD51  in  vitro  (27,  35,  36).  To 
investigate  whether  these  proteins  form  a  complex  in  vivo , 
BRCA2  was  immunoprecipitated  with  mAb  B2  from  MCF7  or 
CAPAN-1  cell  lysates  and  immunoblotted  with  anti~RAD51. 
As  shown  in  Fig.  3/1,  endogenous  RAD51  was  readily  detected 
in  a  complex  with  endogenous  BRCA2  in  MCF7  cells  (Fig.  14, 
lane  4),  whereas  there  was  a  faint  signal  for  RAD51  coimmu- 
noprecipitated  with  the  truncated  BRCA2  protein  in  CA¬ 
PAN-1  cells  (Fig.  14,  lane  3).  As  a  specificity  control,  anti-IgG 


Fig.  2.  Subcellular  localization  of  exogenously  expressed  BRCA2. 
Representative  images  of  live  293T  cells  transfected  with  pGFPB2.  (A) 
Image  showing  the  green  signal  of  GFP-BRCA2  in  transfected  293T 
cells.  (B)  Image  showing  the  nuclei  of  cells  in  the  same  field  labeled 
with  Hoechst.  Hoechst  labeling  is  indicated  as  red  color  instead  of  its 
authentic  blue  color.  (C)  Overlay  of  the  images  in  A  and  B.  (Bar  -  10 

fim.) 

failed  to  immunoprecipitate  complexes  containing  RAD51 
from  MCF7  cells  (Fig.  3 A,  lane  5).  The  signal  intensities  for 
RAD51  in  50  fig  of  cell  lysates  (Fig.  14,  lane  2)  and  mAb  B2 
immunoprecipitates  from  2.5  mg  of  cell  lysates  (Fig.  14,  lane 
4)  were  comparable.  Thus,  approximately  2%  of  RAD51  was 
present  in  mAb  B2  immunoprecipitates.  When  adjusted  for  the 
approximately  10%  efficiency  of  BRCA2  immunoprecipita- 
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Fig.  3.  In  vivo  interactions  of  BRCA2  with  RAD51.  (A)  Cell 
lysates  (50  fig  of  total  protein;  lanes  1  and  2)  and  mAb  B2  (lanes  3  and 
4)  or  anti-IgG  (lane  5)  immunoprecipitates  (from  2.5  mg  of  total 
protein)  were  resolved  by  10%  SDS/PAGE,  and  immunoblotted  with 
anti-RAD51.  (B)  Cell  lysates  (50  fig  of  total  protein  for  CAPAN-1, 
and  25  fig  of  total  protein  for  MCF7;  lanes  1  and  2)  and  mAb  B2 
immunoprecipitates  (from  4  mg  of  total  protein  for  CAPAN-1,  and  2 
mg  of  total  protein  for  MCF7;  lanes  3  and  4)  were  resolved  by  10% 
SDS/PAGE  and  immunoblotted  with  anti-RAD5L  (C)  293T  cells 
transfected  with  pHA-RAD51  or  the  control  HA  vector  were  lysed 
and  immunoprecipitated  with  anti-HA,  mAb  B2,  or  anti-IgG.  Lysates 
(lanes  1  and  2)  and  immunoprecipitates  (lanes  3-5)  were  separated  by 
4%  SDS/PAGE  and  immunoblotted  with  anti-C15,  or  10%  SDS/ 
PAGE  and  immunoblotted  with  anti-HA  Anti-IgG  immunoprecipi¬ 
tates  from  HA-RAD51  transfected  cells  were  used  as  a  specificity 
control  (lane  5). 
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tion  by  mAb  B2  (Fig.  1C),  we  estimate  that  at  least  10-20%  of 
RAD51  was  associated  with  BRCA2  in  MCF7  cells. 

The  levels  of  both  the  mutant  BRCA2  protein  and  RAD51 
were  substantially  lower  in  CAP  AN-1  cells  (Fig.  ID,  lane  1; 
Fig.  3A,  lane  1)  than  those  of  the  corresponding  proteins  in 
MCF7  cells  (Fig.  ID,  lane  2;  Fig.  14,  lane  2).  Thus,  to  compare 
the  ability  of  the  truncated  BRCA2  protein  to  interact  RAD51 
with  that  of  the  wild-type  BRCA2  protein,  we  increased  the 
amount  of  CAP  AN- 1  cell  lysate  used  for  coimmunoprecipi- 
tation  to  give  similar  levels  of  the  proteins  of  interest  to  those 
in  MCF7  cells  (Fig.  3 B,  lanes  1  and  2).  Under  these  conditions, 
the  amount  of  RAD51  coimmunoprecipitated  with  the  trun¬ 
cated  BRCA2  in  CAPAN-1  cells  (Fig.  32?,  lane  3)  was  com¬ 
parable  to  that  observed  with  wild-type  BRCA2  in  MCF7  cells 
(Fig.  32?,  lane  4).  These  findings  are  consistent  with  the  in  vitro 
mapping  of  RAD51  binding  sites  to  each  of  the  eight  BRC 
motifs  in  human  BRCA2  (36)  retained  by  the  mutant  BRCA2 
product  in  CAPAN-1  cells. 

We  also  transfected  293T  cells  with  pHA-RAD51,  an  N- 
terminal  HA  epitope-tagged  RAD51  construct.  HA-RAD51 
then  was  immunoprecipitated  with  anti-HA  and  immunoblot- 
ted  with  anti-C15.  As  shown  in  Fig.  3C,  BRCA2  was  detected 
in  HA-RAD51  immunoprecipitates  from  pHA-RAD51  but 
not  the  control  vector-transfected  293T  cells.  The  presence  of 
HA-RAD51  in  BRCA2  immunoprecipitates  was  demon¬ 
strated  in  pHA-R  AD51-transfected  293T  cells  as  well  (Fig.  3C, 
Lower).  As  specificity  controls,  none  of  the  proteins  were 
detected  in  immunoprecipitates  with  anti-IgG  under  the  same 
conditions  (Fig.  3C,  lane  5).  All  of  these  results  establish  that 
complexes  containing  BRCA2  and  RAD51  occur  in  vivo. 

BRCA2  Forms  a  Complex  with  p53  in  vivo .  BRCA2’s 
nuclear  localization  and  its  putative  transcriptional  activation 
domain  (32)  suggest  that  this  protein  may  associate  with  a 
transcriptional  complex.  Because  p53 -mediated  cell  cycle  ar¬ 
rest  is  induced  after  DNA  damage  to  allow  DNA  repair  (37), 
we  sought  to  investigate  whether  BRCA2  and  p53  might  be 
physically  present  in  the  same  complex.  To  do  so,  endogenous 
p53  was  immunoprecipitated  from  MCF7  cell  lysates  by  mAb 
DO-1  and  immunoblotted  with  anti-C15.  As  shown  in  Fig.  44, 
endogenous  BRCA2  was  readily  detectable  in  p53-containing 
immunoprecipitates  of  MCF7  cells.  In  contrast,  neither  CA- 


PAN-1  nor  a  p53  negative  bladder  cancer  cell  line,  EJ,  showed 
evidence  of  such  immunocomplexes  (Fig.  4A,  lanes  4  and  6). 
The  IgG  heavy  chain  has  a  gel  mobility  similar  to  p53,  making 
it  difficult  to  reliably  detect  p53  by  immunoblotting  after 
immunoprecipitation.  To  perform  reciprocal  experiments  to 
determine  whether  endogenous  p53  was  present  in  BRCA2 
immunoprecipitates,  we  labeled  cells  with  [35S]methionine. 
BRCA2-containing  complexes  first  were  immunoprecipitated 
with  anti-C15,  eluted,  and  then  immunoprecipitated  with 
DO-1.  As  shown  in  Fig.  42?,  a  [35S]-labeled  53-kDa  band  was 
observed  in  autoradiographs  of  BRCA2/p53  double  immu¬ 
noprecipitates  of  MCF7,  but  not  CAPAN-1  or  EJ  cells  (Fig. 
42?,  lanes  4  and  6).  These  findings  establish  that  BRCA2  and 
p53  exist  in  vivo  in  the  same  complexes. 

BRCA2  Inhibits  p53  Transcriptional  Activity.  To  investi¬ 
gate  possible  functional  interactions  between  BRCA2  and  p53, 
we  tested  whether  BRCA2  might  act  as  a  regulator  for  p53,s 
transcriptional  activity.  To  do  so,  MCF7  cells  were  transfected 
with  pGFPB2  and  PGluc,  a  luciferase  reporter  plasmid  con¬ 
taining  two  copies  of  the  p53-responsive  element.  As  shown  in 
Fig.  5,  BRCA2  caused  a  decrease  in  the  basal  activation  of 
p53-responsive  elements  by  endogenous  p53,  when  compared 
with  transfection  with  the  control  vector  pEGFPCl.  BRCA2 
also  caused  marked  inhibition  of  exogenous  p53  stimulation  of 
PGluc.  Cotransfection  with  BRCA2  had  a  similar  inhibitory 
effect  on  exogenous  p53 -stimulated  transcriptional  activity  in 
the  osteosarcoma  cell  line,  SAOS2,  and  the  small  cell  lung 
carcinoma  cell  line,  H1299  (data  not  shown).  We  found  no 
difference  in  the  level  of  p53  protein  level  expressed  in  cells  in 
the  presence  or  absence  of  cotransfection  with  BRCA2  (data 
not  shown),  excluding  the  possibility  that  inhibition  by  BRCA2 
was  the  result  of  changes  in  p53  protein  level.  As  a  specificity 
control,  GAL41uc,  a  luciferase  reporter  containing  four  copies 
of  GAIA  responsive  elements,  was  not  inhibited  by  cotrans¬ 
fection  of  BRCA2  with  GAIA- VP  16,  a  vector  expressing  the 
GAIA  DNA  binding  domain  fused  to  the  transactivation 
domain  of  VP16  (data  not  shown).  Thus,  BRCA2  was  not  a 
general  transcriptional  inhibitor  but  appeared  to  specifically 
inhibit  p53  transcriptional  activity. 
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Fig.  4.  BRCA2  forms  a  complex  with  p53  in  vivo.  ( A  )  Cell  lysates 
(40  fi g  of  total  protein;  lanes  1-3)  and  p53  immunoprecipitates  (4  mg 
of  total  protein;  lanes  4-6)  were  resolved  by  6%  SDS/PAGE  and 
immunoblotted  with  anti-C15.  (2?)  Cell  lysates  (lanes  1-3)  were 
separated  by  10%  SDS/PAGE  and  immunoblotted  with  anti-p53 
PAb421.  Anti-CIS  immunoprecipitates  from  [35S]-methionine-labeled 
cells  were  eluted  and  reprecipitated  with  anti-p53  DO-1.  The  double 
immunoprecipitates  were  resolved  by  10%  SDS/PAGE  and  subjected 
to  fluorography  (lanes  4-6). 
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Fig.  5.  RAD51  enhances  BRCA2  inhibition  of  p53’s  transcrip¬ 
tional  activity.  MCF7  cells  were  cotransfected  with  the  indicated 
plasmids  and  PGluc.  Forty-eight  hours  after  transfection,  luciferase 
activity  was  measured  as  described  in  Materials  and  Methods. 
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RAD51  Enhances  BRCA2  Inhibition  of  p53  Transcriptional 
Activity.  If  the  inhibitory  effect  of  BRCA2  on  p53’s  transcrip¬ 
tional  activity  reflects  an  intersection  of  cell  cycle  checkpoint 
and  DNA  repair  pathways,  we  reasoned  that  RAD51  might 
affect  p53’s  transcriptional  activity  as  well.  As  shown  in  Fig.  5, 
RAD51  had  no  effect  on  the  activation  of  p53-responsive 
elements  by  endogenous  p53  in  MCF7  cells  or  in  response  to 
exogenous  p53.  However,  cotransfection  of  RAD51  with 
BRCA2  caused  nearly  complete  inhibition  of  PGluc  activation 
by  either  endogenous  or  exogenous  p53.  These  results  indicate 
that  RAD51  enhances  BRCA2  inhibition  of  p53’s  transcrip¬ 
tional  activity. 

DISCUSSION 

Abnormalities  caused  by  targeted  disruption  of  the  Brca2  gene 
include  increased  sensitivity  to  DNA  damage  induced  by 
ionizing  irradiation,  U  V  light,  and  other  genotoxic  agents  (27, 
33,  34).  The  accumulation  of  double-strand  DNA  breaks  and 
chromosomal  abnormalities  combined  with  the  lack  of  obvious 
checkpoint  or  apoptotic  response  abnormalities  in  Brcal  mu¬ 
tant  cells  have  implied  a  role  of  BRCA2  in  DNA  repair  (33, 
34).  Recent  findings  that  BRCA2  and  RAD51  interact  in  vitro 
have  suggested  further  that  BRCA2  may  be  involved  in 
RAD51-mediated  repair  pathways  (27,  35,  36).  In  this  study, 
we  identified  the  BRCA2  gene  product  as  a  460-kDa  nuclear 
phosphoprotein  that  forms  a  complex  with  RAD51  in  vivo. 
While  this  manuscript  was  in  preparation,  Chen  et  al  (44) 
reported  detection  of  BRCA2  as  a  nuclear  protein,  consistent 
with  our  findings.  They  also  reported  detection  of  immuno- 
complexes  containing  BRCA2  and  RAD51  (44).  Our  findings 
established  that  a  major  fraction  of  endogenous  RAD51  is 
associated  with  the  endogenous  BRCA2  protein,  implying  that 
this  interaction  is  functionally  significant. 

We  demonstrated  further  that  CAPAN-1  tumor  cells,  which 
contain  a  BRCA2  mutation  producing  a  truncated  product, 
express  a  single  BRCA2  immunoreactive  species  of  around  230 
kDa,  consistent  with  the  predicted  size  of  the  mutant.  Of  note, 
the  mutant  protein,  though  expressed  at  low  level,  interacted 
with  RAD51  as  efficiently  as  the  wild-type  BRCA2.  This 
mutant  would  be  predicted  to  retain  all  eight  repetitive  BRC 
motifs  that  have  been  mapped  in  vitro  to  be  RAD51  binding 
sites  in  human  BRCA2  (36).  These  results  point  to  a  possible 
mechanism  by  which  truncated  BRCA2  mutants  found  com¬ 
monly  in  tumors  (Breast  Cancer  Information  Core)  actually 
may  sequester  RAD51  in  a  nonfunctional  complex. 

The  p53  tumor  suppressor  gene  is  known  to  mediate  cell 
cycle  arrest  after  DNA  damage  (37),  and  there  are  reports  that 
p53  can  be  detected  in  complexes  with  RAD51  (38,  39).  We 
established  here  that  p53  exists  in  in  vivo  complexes  containing 
BRCA2.  Moreover,  a  functional  interaction  between  BRCA2 
and  p53  was  demonstrated  by  evidence  that  BRCA2  inhibits 
p53  transcriptional  activity.  These  results  are  consistent  with 
the  possibility  that  BRCA2  may  act  to  limit  the  length  or 
severity  of  p53-mediated  cell  cycle  arrest  after  DNA  damage. 
Other  studies  have  shown  that  Brca2  mutant  mouse  embryos 
exhibit  a  growth  arrest  phenotype  (27-29, 33, 34),  and  that  this 
phenotype  is  less  severe  in  Brca2/p53  double  mutant  mouse 
embryos  (28).  In  addition,  Brca2  mutant  embryo  cells  exhibit 
increased  p21WAF1/CIP1  levels  associated  with  a  defect  in  cell 
proliferation  (29,  33,  34).  All  of  these  findings  are  consistent 
with  a  role  of  BRCA2  in  down-regulating  p53  transcriptional 
activity. 

BRCA2,  RAD51 ,  and  BRCA1  have  similar  patterns  of  ex¬ 
pression  (45),  and  mouse  mutants  of  each  of  these  genes 
exhibit  embryonic  lethality  (25-29, 46, 47)  that  can  be  partially 
rescued  in  a  p53  null  background  (28,  47,  48).  These  findings 
imply  that  all  of  these  molecules  have  related  functions. 
BRCA1  and  BRCA2  have  been  reported  to  have  transcrip¬ 
tional  activity  potential  (30-32).  Although  RAD51  has  been 


shown  to  be  a  component  of  the  RNA  polymerase  II  holoen- 
zyme  (49),  it  is  not  itself  known  to  have  transcriptional  activity 
(45).  We  did  not  detect  any  effect  of  RAD51  on  p53  tran¬ 
scriptional  activity.  However,  we  did  observe  cooperative 
down-regulation  of  p53’s  activity  by  RAD51  and  BRCA2, 
providing  evidence  that  RAD51  is  coupled  to  transcription 
pathways  through  its  interactions  with  BRCA2  and  p53.  Thus, 
BRCA2  appears  to  serve  as  a  regulator  linking  both  cell  cycle 
control  and  DNA  repair  pathways. 
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